Two types of bicrystalline micro pillars (BCMs) involving 3 coherent twin boundaries along the pillar axis and single-crystalline micro pillars of two grains constituting the BCMs were fabricated in an oxygen-free copper sample by focused ion beam milling. These pillars were compressed using a nanoindenter to investigate slip transfer across grain boundary (GB). Referring their stressstrain (SS) curves, the possible slip systems were resolved from scanning electron microscope images after deformation and GB interaction criteria with the three largest Schmid factors (SFs) of each grain and the geometric relationship of intersections between the slip planes and the GB. The quite different SS behaviors were observed in the two types of BCMs, of which one was the unstable elastic-almost perfect plastic deformation due to large strain bursts and the other was work-hardening accompanying several small strain bursts. The slip transfer analyses suggest that the slip directions of both grains with the maximum SF are almost parallel to GB plane to the former behavior, and the combination of three slip systems from both grains produces the terraced hardening with repeated slipping across GB and piling-up against GB to the latter.
Introduction
Transfer of dislocations across grain boundaries (GBs) results in the macroscopic plastic deformation of polycrystalline materials. Meantime, interrupting the slip by a GB induces a strengthening of such materials, which is the wellknown Hall-Petch relation. 1, 2) Recent strategic material design from this concept, called grain boundary engineering, 3) has adopted coincidence site lattice boundaries (CSLs). For instance, nano-twins including the numerous CSLs successfully achieved the very high strength 4) and thus, the interaction behaviors between dislocations and a specific GB should be revealed for the more detailed material design. The interactions between dislocations and the individual GB have been investigated by simple mechanical and geometrical criteria for slip transfer across GBs 57) or by molecular dynamics simulations (MD).
811) An innovative experimental technique employing nanoindentation has also been developed, and it enables us to measure the direct interaction experimentally.
Nanoscopically indenting at a surface of an individual grain 12) and near various GBs 13) realizes the local plastic deformation in bulk. However, the response to indent loading involves the sharp stress gradient from the surrounding media via a long-ranged elastic field. Therefore, nanoindentation for the limited volume sample with a GB should be carried out in order to confirm the detailed interaction of dislocations to the GB under the more uniform stress condition. To improve in accuracy and resolution, single-crystalline micrometer-sized pillars (SCMs) have been utilized in the nanoindentation tests using a flat-punch indenter to enforce a uniform compression.
1418) This is because the emitted dislocations are distributed homogeneously in the interior with less unexpected constraint than at the case for thin film or nanometer-sized pillar. 19, 20) Recent experiments 21, 22) reported that aluminum (Al) and nickel (Ni) bicrystalline micrometer-sized pillars (BCMs) containing high-angle GBs vertically oriented along the pillar axis have shown their size effects and strengthening effects of the GB. However, the BCM with a specific CSL has not been investigated experimentally and the crystallographic interaction between dislocations and an individual GB has not fully been discussed using any slip transfer analysis. In this study, two types of BCMs containing 3 coherent twin boundaries (CTBs) characterized by electron back scatter diffraction (EBSD) and SCMs of two grains constituting the BCMs are fabricated in an oxygen-free copper (OFC) sample by focused ion beam (FIB) milling. The compression tests of both SCM and BCM are performed by a nanoindenter to investigate the slip transfer across the 3 CTB using Schmid factor (SF) and M-value, 6) which is one of the interaction criteria reflecting an effect of geometrical relationship between the selected slip system and the GB.
Experimental Setup
99.96% pure OFC plates with 6 mm long, 3 mm wide and 2 mm thick were used in the present experiments. They were mechanically polished by alumina-oxide powders until a surface roughness less than 1.0 µm. The samples were annealed at 500°C for 6 h in vacuum and cooled down to room temperature. A thermocouple was attached in the heating stage to monitor the heat treatment temperature. The as-annealed samples were electronically polished in 7 V in a solution containing 150 mL HNO 3 and 350 mL CH 3 OH at temperature of ¹35°C for EBSD analyses and FIB milling.
EBSD measurements 23) were carried out using the program TSL Data Collection ver. Table 1 . SCMs and BCMs were fabricated by FIB milling in a SMI 9200 (Seiko Instrument Inc.) at accelerating voltage of 30 kV with gallium (Ga) ion source. For FIB milling, the following three steps of fabricating processes were employed to get the more proper cylindrical pillars. Two sets of larger beam currents of 3.8 and 1.3 nA were initially adopted to mill a tapered pillar as rough finishing. Then, it turned down to the smaller ion current of 0.32 nA as finer milling to remove the taper of pillar. The final tapering angle was successfully reduced to be less than about 2°. Two grains L and R with almost the same crystallographic orientations were selected to orient 3 CTB GBs planes along the pillar axis, as shown in Figs. 1(c) and 1(d). The final diameter at the half of height was approximately 4.2 µm, and an aspect ratio of height to diameter designed here was roughly 3.5. The milling depths of two grains were almost same, and this result is different from the case of Ref. 22 ) because of the similar orientations of two grains in the present case (see Figs. 1(a) and 1(b) ). Recalling that the FIB damage on Cu has been reported in recent study, 24) the same amount of FIB damage could have been provided to all of the samples equally.
The pillars were then subjected to uniaxial compression using a Nanoindenter G200 (Agilent Technologies) equipped with a designed diamond flat-punch tip of 20 µm diameter. The pillars were compressed in load-controlled mode at a constant loading rate of 1.0 µN s ¹1 .
Experimental Results

Stressstrain behaviors
Nominal stress-nominal strain (SS) curves of groups A and B are plotted in Figs. 2(a) and 2(b), respectively. Black-, dark gray-and light gray-colored lines represent SS curves of BCM, SCM of grain L (denoted as SCM(L)) and SCM of grain R (denoted as SCM(R)), respectively. Any SS curve before the linear stress increase involves a small nonlinear response up to 1% at most due to an angular misalignment between a flat-punch tip and a top surface of sample. Dots on the lines indicate start points of holding indent loads. The nominal stress was calculated from the applied load divided by the initial cross-section area at the half height of pillar, and the nominal strain was obtained from the indent depth divided by the initial average height. In group A, yielding occurred around 70 MPa and then no work-hardening was observed. Although there exist some small strain bursts just after elastic deformation, the pillars were catastrophically deformed via the emission of large strain bursts. These behaviors are consistent to the previous studies of Al and Ni SCMs. 15, 16) In group B, the yield stresses seem to be higher than those of group A and the distinct work-hardening was wholly observed in Fig. 2(b) . This hardening consists of repetition of small strain burst and hardening until almost 5%. After that, SCMs still continue this tendency until fracture, meanwhile BCMs tend to become unstable accompanying the larger strain bursts.
Slip planes and directions
In order to observe slip lines on the side wall of pillars, SEM images of group A were taken from the view at a tilt of 45°after occurrence of the relatively large strain burst, as shown in Fig. 3 . The dashed lines were used to obtain the angles of the slip lines, called "side angle", which are summarized in Table 2 . These quantities were corrected for changes in tilting as tan ¹1 ((h Line /cos 45°)/w Line ), where h Line and w Line are the height and width of dashed lines in Fig. 3 . Both angles of left (L)-and right (R)-sides of BCMs were measured since they may essentially trace the different activated slip systems. One can see that the angle of L-or R-side between the BCM and SCM shows only a small difference, and it suggests that the slip system of BCM is close to that of SCM. On the other hand, SEM images of group A from the top view are displayed in Fig. 4 . The upper part of BCM moved almost along GB (see Fig. 4 (a)) and that of SCM(R) slid along the slight different direction from the vertical line (see Fig. 4(b) ). To make it more clear, the declining angle was measured using the dashed line connecting the intersecting points between the top circle of the upper part and the circle of slipped lower part. The measured average top angles, called "top angle", are listed in Table 2 . It can be seen that there are some slight declination in SCMs. measured average side and top angles are summarized in Table 3 where L1, L2, R1 and R2 denote the two different slip lines, as shown in Fig. 5 . Almost the same side angles between BCM and SCMs are obtained except L1 because the samples of SCM(L) were too much deformed, as observed in Fig. 5(c) . However, these data suggest that the dislocations of BCM have possibly moved according to the slip system close to that of each SCM. On the other hand, it can be found in Fig. 6 that the top angle of SCM is clearly deviated from the vertical line for 27.8°as the averaged angle of two pillars of SCM(R). Deep considerations on these facts will be given in the next. From the pictures of BCMs and SCMs, you can see that a shear band observed in SCMs consists of many slip planes with the same orientation, meanwhile BCMs have a few slip planes (denoted by allows in Figs. 3 and 5 ). This might be dependent on the plastic dissipation manner of the stored strain energy within the defected matter.
Slip Transfer Analyses
The possible slip systems to be activated in a bicrystalline model consisting of the left grain (L) and the right grain (R) are schematically illustrated in Fig. 7(a) . Three largest Schmid factors (SFs) under loading normal to the surface of each grain were calculated by using the measured crystallographic data in Table 1 . Positive or negative slip direction in grain was adjusted for the incoming slip to suit for GB and for the outgoing slip to depart from GB, and the direction normal to the slip plane was reversed to make the SF positive. Two specific angles employed here were numerically evaluated. One angle was measured between the slip direction and the GB plane from the top view (see "Top view" in Fig. 7(a) and called the same "top angle" as section 3.2), and the other was between the intersection of each slip plane to GB plane and the horizontal line on GB plane from the left view (see "Left view" in Fig. 7(a) and called the same "side angle" as section 3.2), which sign is defined as Fig. 7(a) . The three slip systems of groups A and B are listed in Tables 4 and 5 , respectively. The conventional slip transfer index across GB, called M-value, 6) was calculated according to the slip systems in Tables 4 and 5 and the GB plane in Table 1 . This value has been defined as (
are line unit vectors of intersections between the slip planes of two grains (L) and (R) and the GB plane, (g L , g R ) are unit vectors of slip directions of them, and (P · Q) denotes an inner product of vectors P and Q.
From Tables 2 and 4 on group A, the magnitude of side angles of SCMs in Table 2 are close to those of the slip systems of L [1] and R [1] with the maximum SF in Table 4 . Assuming that the same slip system as SCMs is activated in BCM, the mismatch angle of the intersection lines between the slip planes of both grains is very small and also their slip directions are almost identical, as shown in Fig. 7(b) . Therefore, the M-value for L [1] and R [1] is given as 0.999 where the ideal M = 1 is equivalent to a single crystal. Consequently, both slips of grains might have occurred almost at the same time regardless of the existence of GB, as shown in Figs. 3(a) and 3(b) , and this mechanism supports that the slip direction of BCM is almost parallel to GB plane, as shown in Fig. 4(a) . For group B, two different slip lines were introduced on the side wall of pillar, as shown in Fig. 5 . When considering the sequence of these two kinds of slips, the slip nucleated at the upper side might have preferentially occurred because of the stress concentration around the surface edge of pillar. Thereby, the present slip transfer analyses will be done for this slip system. Little difference between SFs of L [1] and L [2] of SCM(L) with almost the same side angles in Table 5 suggests that the two slip systems are, in a higher probability, activated simultaneously on the same slip plane of ð 1 11Þ. Averaging two top angles of L [1] and L [2] , it becomes 40.1°, which is close to the measured one of 39.0°for SCM(L) in Table 3 . In SCM(R), the measured average top angle (27.8°) in Table 3 was obtained from the slip line of R1 (see Fig. 5(d) ), and it is not completely consistent with the predicted top angle (1.61°) of R [1] in Table 5 . However, if taking the average of top angles of R [1] and R [3] with almost same side angles of ¹37°in Table 5 , it becomes 35.7°and approaches the measured one within some measurement errors. The dislocations of L [1] and L [2] on the same slip plane easily move prior to L [3] with a lower SF in the SCM(L), meanwhile the dislocation of R [3] with the different slip plane from that of R [1] and with a lower SF in the SCM(R) might have the higher barrier for plastic deformation. Consequently, on the assumption that the slip systems with the larger SFs of L [1] , L [2] and R [1] be activated in the BCM, the mismatch angle between the intersections of both the slip planes to GB (ð 1 11Þ of L [1] and L [2] , and ð 111Þ of R [1] ) is very small, as shown in the "Left view" on group B of Fig. 7(b) . Remind that the slip directions of L [1] and R [1] are different. The M-values of the slip systems of L [1] or L [2] and R [1] are 0.502 and 0.999, respectively and thus the latter contributes to the easier slip across GB. If only the latter by L [2] and R [1] had dominantly operated under compression, the large strain burst could have happened like Fig. 2(a) of group A. However, the strain hardening behavior in Fig. 2(b) implies the existence of hard slip transfer by L [1] and R [1] which might be piled-up in front of GB. The average top angle by L [2] and R [1] with M = 0.999 in BCM becomes 1.64°from GB plane and this fact bears out that slip direction of BCM is almost along GB as indicated in Fig. 6(a) . Therefore, it can be concluded that the combination of three slip systems from both grains produces the terraced hardening with repeated slipping across GB and piling-up against GB.
Note that the large strain bursts were finally observed in both the BCMs with 3 CTB, whereas such a behavior has not been reported in the references using Al and Ni BCMs with high-angle boundaries. 21, 22) They show many consecutive small strain bursts because the high-angle boundary has a large free volume and it can play a role of dislocation sink or source as the case may be. 3 CTB has little free volume compared to the other boundaries as reported in MD simulations 25) and thereby, once dislocations react and transfer into the adjacent grain across 3 CTB, no accommodating activity of dislocations on GB can result in the unstable large strain burst, as shown in Fig. 2 . system of a bicrystalline model with slip plane and direction under loading parallel to GB plane in (a). Slip directions of L [1] and R [1] of group A written in Table 4 and L [1] , L [2] and R [1] of group B in Table 5 , as shown in (b). [3] (111) ½01 1 0.301 2.42°60.6°R [1] ð 111Þ ½ 1 10 0.426 ¹57.8°2.21°R [2] (111) ½10 1 0.381 62.7°0.360°R [3] ð1 1 1Þ ½ 01 1 0.296 ¹57.8°86.7°T
Conclusions
BCMs with 3 CTB along the pillar axis and SCMs of two grains constituting the BCMs were compressed by nanoindentation, and their SS behaviors and slip transfer analyses using SEM images after deformation and the simple interaction criteria were investigated. The two quite different mechanical responses were discussed from the view of predicted slip systems having the three largest SFs and their GB interaction values of M-values. The resultant behaviors of the pillars were summarized as follows.
(1) The similar SS behaviors were observed in BCM and the corresponding SCMs, and it suggests that the preferential slip systems with the large SFs in SCMs are dominant in BCM. Regardless of groups A and B, which have the different surface orientations, the unstable strain bursts were clearly observed in BCMs.
(2) For group A with no work-hardening, the slip system with the largest SF of each grain constituting the BCM was activated at the almost same instant. Dislocation L [1] with the maximum SF in SCM(L) and R [1] with the maximum SF in SCM(R) have almost the same slip directions parallel to GB. This combination provides the closely easiest slip transfer across GB with M = 0.999.
(3) As for group B, the slip transfer by L [2] in SCM(L) and R [1] in SCM(R) contributes the slip in BCM along GB with the closely ideal M = 0.999. The slip transfer by L [1] and R [1] has the lower M-value of 0.502, and thus it attains the pile-up effect due to the hard slip transfer across GB. Consequently, the mechanical response of BCM with the terraced hardening manner can be realized by means of the repeated slip transfer and pile-up due to the two slip systems of one grain and the one slip system of the other grain.
